Abstract
INTRODUCTION
Electrical cables are used extensively for both residential and industrial applications. They consist of conductors made of either copper or aluminium and insulation (or jackets) of synthetic polymeric materials. Several types of polymeric materials are used in cable constructions, varying in chemical structure, thickness, and additives. Depending on the applications, cables are either packed loosely or tightly, in horizontal, vertical or other orientations. (Tewarson, 1989 ) Electrical cables are complex assemblies including several polymeric parts (insulation, bedding, sheath) constituting fuel sources. Its fire behaviour is highly dependent on the heat flux. A dramatic transition occurs at a different heat flux according to the cable. (Meinier, et al., 2018) Ignition and burning of electrical cables are potential causes of fires in residential or industrial buildings. Moreover, cables may also lose their functions or be less efficient when exposed to heat sources (progressive change in resistance, deterioration of the signal quality, short-cut). (Courty, 2017) Depending on their location and means of installation, cables can contribute to a fire in several ways. For example, burning cables can propagate flames from one area to another, can add to the fuel available for combustion and can liberate smoke and toxic and corrosive gases. The hazard from burning cables should be put in the context of the surroundings. Sometimes, cables form a very small proportion of the combustible material, while in other situations they can form the majority. (Moore, 2000.) Halogen containing materials, as a group, tend to outperform non-halogen materials in terms of the major fire properties (Barnes et al., 1996) :
 Heat release  Ignitability  Flammability To produce materials formulated to meet the various insulation or jacketing performance requirements (e.g., heat and light stability, smoke retardancy, or water resistance), polymers and additives are combined together in a compounding operation. (Harriman, 2002.) Additives represent a broad range of chemicals used by resin manufacturers, compounders, and fabricators to improve the properties, processing, and performance of polymers. From the earliest days of the plastics industry, additives have been used initially to aid these materials in processing and then to improve their properties. (Harper, 2000.) Henrist et al. (2000) carried out interdiffusion experiments must simulate the behaviour of the cable constituents in controlled conditions. As reactants, they used either the commercially available product or a similar chemical composition. The reactant powders were ground together, placed in alumina or platinum crucibles and heated following the conditions summarized in Table 1 . The cone calorimeter is likely to be adequate to address the fire hazard associated with fires and electrical cables in scenarios where cables are the main (or sole) combustibles. (Hirschler, 1994 )
METHODS AND MATERIALS
The test samples were commercially available electric cable CHKE-V J3x1.5 PS60 B2ca with a total thickness of 9 mm produced by VUKI a.s.. The manufacturer states that it is a power cable with increased flame spread resistance. It is halogen-free, it meets the requirements for the B2ca fire reaction class (s1d1) and is functional in the fire for 180 minutes. It is designed for fixed placement in ordinary and humid environments. Cables can also be used in environments with a fire hazard and can be installed on flammable surfaces. (http://www.vuki.sk) Aim of the paper was to evaluate time to ignition of the samples. Samples were exposed to external heat flow from cone calorimeter ( (2) was inserted into the sample holder (1) and placed under the cone heater (4). Spark igniter (3) was located 13 mm above the sample. The resulting gaseous products of thermal decomposition of samples were aspirated by electric fan (6) through the hood of calorimeter (5) . Initiation of the samples was monitored visually. 
CRITICAL HEAT FLUX AND THERMAL RESPONSE PARAMETER
Critical heat flux is minimum heat flux at or below which there is no ignition, and thermal response parameter (TRP) should be defined as resistance to ignition and flame spread. It is a combination of ignition temperature above ambient, thermal conductivity, specific heat, and density of the material. Higher critical heat flux and TRP values suggest that materials are hard to ignite and have higher flame spread resistance. In general, thermosets have higher TRP values than the thermoplastics. (Tewarson, 1994) Typically, the critical heat flux values are determined by exposing the horizontal sample (e.g., about 100 mm diameter or about 100 mm x 100 mm square and up to about 100 mm in thickness with blackened surface in the flammability apparatus) to various external heat flux values until a value is found at which there is no ignition for about 15 min. The value of TRP for a surface that is not blackened is higher than the value for the blackened surface. (Tewarson, 2002) The heat flux for the vertical orientation is averagely 15% higher than that for the horizontal orientation. This is caused primarily by the effect of concurrent direction of entrained air and pyrolysis gas flow for the vertically oriented samples, which significantly dilutes the flammable vapours. Therefore, to achieve enough concentration of flammable vapours for ignition, the critical heat flux for pilot ignition for vertical samples is higher. (Tsai, 2009) Critical heat flux can be determined by calculation based on dependence of sample ignition time on external heat flux. This dependence can vary as each material has different parameters and characteristics. In Table 2 , there is an overview of some identified relations for critical heat flux calculation for different materials. 
RESULTS AND DISCUSSION
The results of the time to ignition measurements together with the weight of the individual samples are shown in Table 3 . The measured values show that with increasing heat flow, time to ignition decreases. This is a generally known fact that is caused by the increasing amount of thermal energy incident to the surface of the samples. This energy is divided into three components:
1. Component reflected to the environment, which depends on the emissivity of the sample 2. Component drawn into the interior of the sample, which depends on the thermal conductivity of the test material 3. Component absorbed by a thin surface layer, which depends on the thermal properties of the loaded material. Due to the increasing temperature, thermal degradation of the surface layer and the release of gaseous flammable substances occurs. Upon reaching a sufficient temperature and concentration of their mixture with air, initiation of flame burning occurs. Based on relations shown in Table 2 , graphs of corresponding dependencies were created (Fig. 2) . Trend lines were plotted in each graph to evaluate the linear dependence of parameters. The relevant equations of linear regression and squares of correlation coefficients are shown in Table 4 . Due to the suitability of various dependencies ( Table 2 ) and squares of correlation coefficients (Table 4) , the most appropriate dependence is 
where ti is time to ignition, is thermal conductivity, is density, is heat capacity, is ignition temperature, 0 is ambient temperature, qe is external heat flux and qcr is critical heat flux. The equation can be further modified as follows:
, [3] where TRP is thermal response parameter. The values of critical heat flux and thermal response parameter can be calculated as:
where yintercept is interception of trend line with y-axis. Delichatsios et al. (1991) developed equation, which relate the time to ignition to the imposed heat flux in standard flammability test measurements, where surface reradiation losses are significant:
Calculated values of critical heat fluxes and thermal response parameters are shown in Table 5 . In the table are also shown results from other authors to compare their findings. In the terms of critical heat flow, a relatively low value was observed for the investigated electrical cable, which is virtually identical to the polymethyl methacrylate tested by Rhodes and Quintiere (1996) . In contrast, the thermal response parameter is very high compared to other materials. Therefore, it can be stated that flame spread resistance to of the tested cable is given by the value of its TRP.
Coutry and Garo (2017) tested two types of electric cables in the furnace of circular crosssection. Their values for the critical heat flux are twofold compared to the results of this study and the value of the thermal response parameter is about half of this study result. These differences can be caused by different insulation materials of the tested cables as well as another used methodology. While this study describes the effect of the heat flow on one side of more cables next to each other, mentioned authors studied effect of heat flux on the whole surface of single cable in a vertical position. 
CONCLUSION
The paper deals with the initiation characteristics of an electric cable suitable for installation in a fire hazardous environment and on a flammable substrate. Time to ignition of samples at different values of the external heat flux was monitored. With increasing heat flow, time to ignition raised from 43 seconds (50 kW m -2 ) to 181 seconds (25 kW m -2 ). Based on the obtained data as well as the use of various functions describing the dependence of external heat flux and time to ignition, external thermal flux and thermal response parameter were calculated. These two variables describe the behaviour of the materials in the initiation phase of the fire.
The calculated value of the external heat flux in dependence on the calculation method was 2.94 kW m -2 or 4.59 kW m -2 respectively. The value of the thermal response parameter was 342 kW s -0.5 m -2 . According to these results, the flame spread resistance of the test cable is most dependent on its TRP value.
